Feasibility of an oxidized Ni/Au p contact on some aspects of device applications for a GaN/InGaN multiple quantum well light-emitting diode ͑LED͒ was investigated. For the oxidation of Ni/Au p contact, furnace annealing of a completely fabricated LED was performed at 600°C for 5 min in an O 2 ambient. For the case of LED with an oxidized Ni/Au system, the I -V measurements showed a reduction in series resistance of the diode by 17.2%. In addition, the optical output power of the oxidized LED was increased by a factor of 2. However, a significant degradation in reliability characteristics was observed, which might detract from the direct application of the Ni/Au oxidation process. We also conclude that the improvement of oxidized Ni/Au contact properties is mainly due to the formation of an intermediate NiO layer, rather than an enhancement in p-type activation.
Recent developments in GaN-based semiconductor technology has made the fabrication of optoelectronic devices such as light emitting ͑LED͒ and laser diodes ͑LD͒ in the blue and ultraviolet wavelength regions feasible. [1] [2] [3] In order to improve the performance of GaN-based LED devices, low resistance ohmic contacts on both n-and p-type GaN are essential. In addition, obtaining highly transparent current spreading layer in the visible region is very important in order to maximize the extraction efficiency of the generated light. For these requirements, highly transparent indium tin oxide ͑ITO͒ and Pt thin films have been successfully demonstrated for the GaN-based LED as a p-type current spreading layer. [4] [5] Recently, Ho et al. 6, 7 reported a breakthrough in the Ni/Au system which involved an oxidation process and which resulted in ͑i͒ the specific contact resistances as low as 4.0ϫ10 Ϫ6 ⍀ cm 2 , and ͑ii͒ a high light transparency of 80% in the 450-550 nm wavelength region. From this point of view, the feasibility of oxidized Ni/Au has been investigated for the practical application of completely fabricated GaNbased LED devices. In addition, mechanisms for the improved contact properties of the oxidized Ni/Au system remain controversial. According to Ho et al., 6, 7 the formation of intermediate NiO semiconductor layer plays an important role in reducing the contact resistance as well as improving light transparency. On the other hand, Koide et al., 8, 9 suggested that the improved p-contact properties can be mainly attributed to the enhanced hole concentration of the p-GaN as the result of the effective removal of hydrogen atoms from Mg-H complexes. In this study, based on our experimental results for changes in the hole concentration of p-type GaN film and for both n-and p-type contact properties as a function of the oxidation process, we also report clear evidence for the improved Ni/Au contact properties.
An undoped GaN buffer layer, a Si-doped n-type layer, a 5-period GaN/InGaN multiple quantum well ͑MQW͒, and a Mg-doped p-type layer were sequentially grown by metalorganic chemical vapor deposition ͑MOCVD͒ on an insulating sapphire (␣-Al 2 O 3 ͒ substrate. To achieve p-type characteristics of the Mg-doped layer, rapid thermal annealing ͑RTA͒ was carried out at 950°C for 1 min in a N 2 ambient. In order to fabricate the lateral carrier injection-type LED, the surface of the p-type GaN layer was partially etched until the n-type layer was exposed by the inductively coupled plasma ͑ICP͒ etching system. The formation of the Ni/Au ͑2 nm/6 nm͒ p-current spreading layer, followed by the deposition of the Ni/Au ͑30 nm/80 nm͒ layer was performed for a p-type electrode by means of an e-beam evaporator. A Ti/Al ͑30 nm/80 nm͒ scheme was used as an n-type electrode. For ohmic contacts on both n-and p-type electrodes, RTA was performed at 500°C for 1 min in a N 2 ambient. Last, for the oxidation of Ni/Au, these fabricated LEDs were introduced into a horizontal quartz tube furnace and oxidized at 600°C for 5 min in an O 2 ambient. Based on our experimental data, this oxidation process is thought to involve optimized conditions for both the electrical and optical properties of LED. All electrical and optical properties relative to LED performance were evaluated via on-wafer probing of the devices. The current-voltage (I -V) characteristic of the LED was measured using a parameter analyzer ͑HP 4155 A͒. The optical output power of the LED was measured using a UV/ VIS 818 photodiode. Under a constant current stress of 0.37 kA/cm 2 , the lifetime of the LED was determined from complete turn-off of optical output power. Figure 1 shows the I -V characteristics for both nonoxidized and oxidized LEDs. To investigate the effect of oxidation process accurately, the same LED was compared before and after the oxidation process. The turn-on voltage at 20 mA decreases from 3.5 to 3.3 V as a result of the oxidation process. In addition, the slope of the I -V curve becomes steeper, corresponding to a reduction in the series resistance of the diode. To extract the series resistance of the diode, 10 I(dV/dI) was plotted as a function of I as shown in the inset of Fig. 1 . From linear fitting of the experimental data, the series resistance of nonoxidized and oxidized LED was found to be 25.6 and 21.2 ⍀, respectively, corresponding to a reduction in series resistance of 17.2%. Figure 2 shows the optical output power (L) of LED as a function of current (I). In the case of the oxidized LED, an increase in the optical output power (L) was observed in the full current ranges. In addition, it can be seen that the thermal degradation of output power ͑sublinear L -I relationship under high current range͒ is improved as a result of the oxidation process. Basically, these results can be explained in terms of improved device performance as a result of the reduced series resistance of the diode. Furthermore, in the case of the oxidized LED, we were able to observe transmitted light, even through a thick p-type electrode of Ni/Au/Ni/Au ͑2 nm/6 nm/30 nm/80 nm͒ layer. Therefore, we conclude that the improved optical characteristic of the oxidized LED is due to the combined effect of improved electrical characteristics of the device and increased light transparency through the p-type current spreading layer.
Possible candidates for the reduction of diode resistance by the oxidation process include an enhanced hole concentration of the p-type layer 8,9,11 and/or improved n-or p-type contact properties. In order to understand the effect of oxidation process on improved LED performance, we first compared the change in hole concentration for a 5 mm ϫ5 mm p-GaN sample before and after the oxidation process ͑Table I͒. Interestingly, the data show that the sheet hole concentration decreases, even, after the oxidation process. This can be attributed to the oxidation of p-type GaN film via the interaction of oxygen atoms and the GaN surface. Based on this result, we can exclude the possibility that enhanced p-type activation plays a role in improving the LED performance.
Second, to compare variations in contact properties for both n-and p-type LED electrodes after oxidation process, we prepared the same arrangements of metal using a pattern for transmission line model ͑TLM͒.
10 Figure 3͑a͒ shows the I -V characteristics for a Ti ͑30 nm͒/Al ͑80 nm͒ contact to n-GaN. For an accurate comparison, the same pattern for I -V measurements before ͑nonoxidized͒ and after the oxidation process was measured. The findings clearly show that the I -V curve degrades as a result of oxidation process, as evidenced by the fact that the specific contact resistance was increased from 8.2ϫ10
Ϫ5 to 1.4ϫ10 Ϫ4 ⍀ cm 2 . Such a degradation in contact property can be attributed to oxidation of the Ti/Al electrode in the O 2 annealing ambient. 12 On the other hand, as it was expected for the Ni ͑30 nm͒/Au ͑80 nm͒ contact to p-GaN, the improved I -V characteristics were observed, as a result of the oxidation process as shown in Fig. 3͑b͒ . The specific contact resistance was decreased from 2.8ϫ10 Ϫ3 to 1.4ϫ10 Ϫ4 ⍀ cm 2 . Based on our experimental results, we conclude that the improvement of LED performance is mainly due to the improved p-type contact properties, which are related to the formation of the NiO layer. 6, 7 This explanation is plausible considering a significantly improved light transparency, even through the thick p electrode, which can be attributed to the formation of transparent NiO layer.
The reliability characteristics of the oxidized LED were examined from the viewpoint of practical use of the Ni/Au oxidation process. Figure 4 shows the cumulative plot of LED lifetime for both nonoxidized and oxidized LED. It is clear that the lifetime of the oxidized LED is shorter than that of nonoxidized LED by two orders of magnitude. It should be noted that the lifetime of the oxidized LED was significantly decreased, in spite of improved electrical characteristics of the diode. Under high Joule heating of the device, this can be attributed to the detachment of NiO from p-GaN and/or the increase of insulating amorphous NiGa-O phase. 7 Therefore, it would appear that the poor thermal stability of oxidized Ni/Au contact should be the object of additional study, as this relates to practical device application.
In summary, we were able to confirm that the electrical and optical characteristics of GaN/InGaN MQW LED can be significantly improved by oxidation of the Ni/Au p-type contact. This is mainly due to the formation of a NiO layer, which plays an important role in reducing the contact resistance of the p contact and in improving the transparency of p current spreading layer. However, no evidence was found to suggest that the improved contact property is related to an enhanced p-type hole concentration. It is believed that the LED performance will be more improved by avoiding a degradation of the n-type Ti/Al contact during oxidation process. In particular, it should be noted that the degradation of reliability characteristics of the oxidized LED is the most important problem for practical device application. 
